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Outline:  
-Nuclear Fusion reactions in stars: why measuring their 
cross section?  
 
-Why going underground to perform these experiments?  
 

-The LUNA Experiment at LNGS: recent results  
            
- On-going measurements and future perspective: the 
LUNA -MV project  
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Why studying nuclear fusion 
reaction cross sections?  

  

-Stars are powered by nuclear 
reactions  
 
-Among the key parameters 
(chemical composition, opacity, 
etc.) to model stars, reactions 
cross sections play an 
important role   
 
- They determine the origin of 
elements in the cosmos, stellar 
evolution and dynamic  
 
- Many reactions ask for high 
precision data.  
 
 



1E-03

1E-02

1E-01

1E+00

1E+01

1E+02

1E+03

1E+04

1E+05

1E+06

1E+07

1E+08

1E+09

1E+10

0 50 100 150 200 250

A
b

u
n

d
a

n
c

e
 r

e
la

ti
v
e

 t
o

 1
0

6
 S

i 

Mass Number 

1 H 

4 He 

12 C 
16 O 

20 Ne 

40 Ca 

56 Fe 

118 Sn 138 Ba 
195 Pt 

208 Pb 

232 Th 
238 U 

a - elements 

Type II SN 

Fe - peak 

Type I SN 

N=82 

r - process peak 

Type II SN 
N=126 

r - process peak 

Type II SN 

1 H 

12 C 
16 O 

20 Ne 

40 Ca 

56 Fe 

118 Sn 138 Ba 
195 Pt 

208 Pb 

232 Th 
238 U 

a - elements 

Type II SN 

Fe - peak 

Type I SN 

N=82 

r - process peak 

Type II SN 
N=126 

r - process peak 

Type II SN 

N=82 

s - process peak 

AGB stars 

N=82 

s - process peak 

AGB stars N=126 

s - process peak 

AGB stars 

N=126 

s - process peak 

AGB stars 
19 F 

Big Bang 

H-burning & 

He-burning 

Nuclear  Astrophysics  ambitious  task  is to  
explain the  origin  and relative  abundance 
of  the  elements  in the  Universe   

Element abundances in the solar system  



 p + p        ­ 2H + e+ + n  

 p + e- + p ­  2H + e+ + n 
3He + p    ­  4He + e+ + n   
7Be + e-      ­  7Li + n 
8B            ­  8Be + e+ + n 
13N           ­  13C  + e+ + n 
15O           ­  15N + e+ + n 
17F            ­  17O + e+ + n 

p- p  
chain 

CNO  
cycle  

Neutrino production in stars  

Solar neutrino puzzle: solved!  
Neutrino flux from the Sun can be used to 
study:  
Å Solar interior composition  
Å Neutrino properties  
ONLY if the cross sections of the involved 
reactions are known with enough accuracy  



Big Bang nucleosynthesis 

  

 
Production of the lightest elements (D, 3He, 4He, 7Li, 6Li) in 
the first minutes after the Big Bang  
 
The general concordance between predicted and observed 
abundances (spanning more than 9 orders of magnitude) 
gives a direct probe of the Universal baryon density  
 
CMB anysotropy measurements (WMAP/Plank satellites) 
gives an independent measurement of the Universal baryon 
density  
 
The concordance of the two measurements has to be 
understood in terms of uncertainties in the BBN 
predictions  
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1.  n    Ą  p + e- + n 

2. p + n   Ą  D + g 

3. D + p   Ą  3He + g 

4. D + D  Ą  3He + n 

5. D + D  Ą  3H + p 

6. 3H + D Ą  4He + n 

7. 3H + 4H    Ą  7Li + g 

8. 3He + n    Ą  3H + p 

9. 3He + D   Ą  4He + p 

10. 3He + 4He Ą  7Be + g 

11. 7Li + p     Ą  4He + 4He 

12. 7Be + n    Ą  7Li + p 

13. 4He + D   Ą  6Li + g 

BBN  reaction network  

Apart from 4He, uncertainties are dominated by 
systematic errors in the nuclear cross sections  



Nuclear reactions in stars  

Sun: 
T= 1.5 107 K 
kT = 1 keV<< EC (0.5-2 MeV)  

3He(3He,2p)4He       21 keV  

d(p,g)3He                6 keV         

14N(p,g)15O              27 keV  

Reaction                       E 0 

3He(4He,g)7Be            22 keV      



Cross section and astrophysical S factor  

Gamow energy region  

S(E) )/EZ29.31exp(- 
E

1
  (E) 21 ms Z=

Astrophysical 
factor  

Cross section of  
the order of pb!  

Gamow factor E G 

S factor can be extrapolated  
to zero energy but if resonances  
are present?  



Sub-Thr  
resonance 

Extrapol.  Mesurements  

Narrow 
resonance 

Non resonant process  

Tail of a broad  
resonance 

Danger in extrapolations!  



    Sun 
Luminosity = 2 ·1039 MeV/s  
 
Q-value ( H burning) = 26.73 MeV  
 
Reaction rate = 10 38 s-1 

                Laboratory  
Rlab= Np N t  s e 
 

Np = number of projectile ions å 1014 pps (100 mA q=1+) 
 
N t  = number of target atoms å 1019 at/cm 2 

 
s = cross section = 10 -15 barn 
 
e= efficiency å 100% for charged particles  
                            1% for gamma rays  
 
Rlab å 0.3-30 counts/year  
 
 

 
 



Rlab > Bbeam induced + Benv + Bcosmic 

Bbeam induced : reactions with impurities in the target  

                 reactions on beam collimators/apertures  

Benv : natural radioactivity mainly from U and Th chains 

Bcosmic : mainly muons 

 



Cross section measurement requirements  
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3MeV < Eg < 8MeV:     
 0.5 Counts/s  

3MeV < Eg < 8MeV   
 0.0002 Counts/s  

GOING  
UNDERGROUND 

HpGe 

Pb 

Cu 

underground passive shielding is more 
effective since ŀ flux,that create 
secondary ǿõs in the shield, is suppressed 
 

m 

Eg<3MeV­passive shielding for 
environmental  background radiation  



LUNA site 

LUNA 1 
(1992-2001) 

50 kV  

LUNA 2  
(2000Ąé) 

400 kV  

Laboratory for  Underground  

 Nuclear Astrophysics  

Radiation LNGS/surface  

Muons 

Neutrons  

10-6 

10-3 

 

LNGS 
(1400 m rock shielding ¹ 4000 m w.e.)  

LUNA MV  
(2013->...) 



LUNA program: astrophysical motivation  

  

 
Solar neutrinos: 3He(3He,2p)4He, 3He(4He,g)7Be, 14N(p,g)15O 
 
Age of globular cluster:  14N(p,g)15O 
 
Light nuclei nucleosynthesis ( 17/ 18O abundances, 19F production, 
26Mg excess,...): 15N(p,g)16O, 17N(p,g)18O, 25Mg(p,g)26Al  
 
Big Bang Nucleosynthesis: 2H(a,g)6Li, 3He(4He,g)7Be, 2H(p,g)3He 
 
Next:  
Light nuclei nucleosynthesis: 17O(p,a)14N, 22Ne(p,g)23Na, 
23Na(p,g)24Mg, 18O(p,g)19F, 18O(p,a)15N 
He burning and stellar evolution: 12C(a,g)16O 
s process nucleosynthesis: 13C(a,n)16O, 22Ne(a,n)25Mg 
 
 
 
 



p + p  ­  d + e + + ne 

d + p  ­ 3He + g 

3He + 3He ­ a + 2p  
3He + 4He ­ 7Be + g 

7Be+e-­ 7Li + g +ne  
7Be +  p ­ 8B + g 

7Li +  p ­  a + a 
8B­ 2a + e ++ ne 

84.7 %  13.8 %  

13.78 %  0.02 %  

pp chain  

Hydrogen burning  
4p ­ 4He + 2e+ + 2ne + 26.73 MeV  


